PLV with PFC has been considered as an alternative therapy for severe respiratory failure in newborn babies. Filling of the lungs with PFC may open up atelectatic areas, thereby improving ventilation and oxygenation. In addition, some PFCs have antiinflammatory properties (1-7) that differ among the individual preparations. In animal models of lung injury, such as lung lavage, meconium aspiration, or exposure to oleic acid injury, histologic examination of the lungs has revealed more homogeneous alveolar expansion and reduced injury score in PLV-treated animals, compared with animals undergoing CMV (8 -11) . In addition, myeloperoxidase activity in lung tissue was significantly lower in PLV-treated animals, providing further evidence of reduced lung injury (4).
Croce et al. (12) investigated markers of inflammation in bronchoalveolar lavage fluid from patients with the adult form of ARDS. PLV-treated patients had a significantly lower concentration of proinflammatory cytokines and fewer polymorphonuclear neutrophils in comparison with conventionally ventilated patients. However, the antiinflammatory interleukin IL-10 was also reduced in lavage fluid from PLV-treated patients, suggesting a general immunomodulatory effect of PLV.
Pulmonary inflammation is regarded as an important factor in the development of bronchopulmonary dysplasia in preterm infants (13) . The antiinflammatory effects of PLV may be considered as beneficial in the prevention of an inflammatory response, but might on the other hand be harmful for patients who are at increased risk of developing systemic or pulmonary infections. Within the Oxford-Vermont network the incidence of systemic infections is as high as 45% in infants weighing 500 to 600 g and 20% in infants with a weight of 1000 -1100 g. In such babies, the antiinflammatory properties of PFC might interfere with the pulmonary defense system and facilitate bacterial growth that might result in nosocomial pneumonia.
In an animal model of pneumococcal pneumonia, PLV improved survival; however, no data concerning bacterial growth were reported (14) . Our own in vitro studies on GBS and Escherichia coli demonstrated no effects of different PFCs on bacterial growth (15) . Animal work and in vitro data from Sajan and coworkers (16) suggested no increased risk of nosocomial pneumonia during PLV.
We hypothesized that in newborn animals with experimental pneumonia caused by GBS the use of PLV might be associated with a decrease in the inflammatory reaction, leading to increased bacterial proliferation in the lung. This hypothesis was tested by evaluation of the inflammatory reaction and bacterial growth in the lungs of newborn rabbits inoculated with GBS via the airways at birth and ventilated with PLV or CMV under standardized conditions.
METHODS

Bacteria.
A suspension of GBS was prepared as previously described (17) . In short, an encapsulated low-density phase variant of GBS was processed from the reference strain 090 Ia Colindale by repeated gradient centrifugation. Previous experiments had demonstrated the importance of the polysaccharide capsule as a virulence factor for GBS. After preculturing the bacteria to the mid-logarithmic growth phase, GBS were suspended in normal saline at a concentration of approximately 10 12 live bacteria per milliliter as determined by measuring the OD. The actual number of CFU in the suspension was determined for each individual experiment (see below).
Animal experiments. The animal experiments were performed at the Karolinska Institute, Stockholm, Sweden. Animals were treated in accordance with national guidelines. The protocol, including the euthanasia procedure, was approved by the local ethics committee for animal research.
Pregnant rabbits (New Zealand White) were anesthetized with 20 mg/kg sodium pentobarbital i.v., and the fetuses were delivered by cesarean section at a gestational age of 29.5 d (term, 31 d). After anesthesia of the fetus with i.p. sodium pentobarbital (0.06 mg), tracheotomy, and intubation, the newborn rabbits received 5 mL/kg of a GBS suspension (10 12 CFU/mL) via the tracheal tube and were paralyzed with pancuronium bromide (0.02 mg). Additional doses of pancuronium bromide (0.01 mg) and sodium pentobarbital (0.03 mg) were given intraperitoneally after 3 h. The fetuses were kept at 37°C in individual chambers of a plethysmograph system as previously described (18) and were ventilated in parallel with a common ventilator system, delivering 100% oxygen at a working pressure of 55-60 cm H 2 O, a frequency of 40 breaths/ min, and an inspiration-to-expiration time ratio of 1:1. Peak inspiratory pressure was recorded and adjusted for each animal to provide a tidal volume of 8 -10 mL/kg (18) . No positive end-expiratory pressure was applied, to unmask differences in alveolar stability related to abnormalities of the surfactant system (17) . After a stabilization period of 30 min, the animals were randomly assigned to PLV or continued CMV. In the PLV group (n ϭ 16), PLV was initiated at 30 min with the PFC, PF 5080 (3M, Neuss, Germany). This PFC has a density of 1.76 g/mL (at 25°C), a vapor pressure of 51 mm Hg (at 37°C), and a surface tension of 15 mN/m. It has been used successfully in previous experiments (15, 19) . PF 5080 was administered via the tracheal cannula. The initial amount was 30 mL/kg, followed by substitution with 20 mL/kg every 60 min to compensate for evaporation losses, as estimated from previous experiments (20) .
In the CMV group (n ϭ 15), the conventional style of ventilation that had been initiated immediately after birth was continued for the rest of the experiment. As a sham procedure the animals were disconnected from the ventilator system, and an air bolus of 30 or 20 mL/kg was injected into the airways at the same times as PFC was administered in the PLV group.
Continuous monitoring of blood gases or oxygen saturation is not possible in the present experimental model. We therefore used the ECG as an overall assay of cardiopulmonary function. The ECG was routinely recorded every 30 min and more frequently if abnormalities were detected. Animals were considered to be in cardiopulmonary failure if severe arrhythmia (e.g. atrioventricular block) was observed or the heart rate dropped to less than 100 beats per min.
The animals were ventilated for 5 h after administration of GBS. At the end of the experiments all animals were killed by an intracerebral injection of 0.5 mL of lidocaine (Xylocaine 20 mg/mL, Astra, Södertälje, Sweden). The abdomen was opened with sterile instruments. After inspection of the diaphragm for evidence of liquid or pneumothorax, the chest was opened and the lungs were removed. Blood was drawn from the right ventricle for culture.
After ligating vessels and the main bronchus, the left lung was removed under sterile conditions, weighed, and stored in sterile test tubes on ice until the microbiologic analyses were performed.
Bacterial counting. To quantify bacterial growth, the left lung was homogenized with a high-speed (15,000 rpm) nylon microchamber tissue homogenizer (Sorval Omnimix; Dupont Instruments, Newton, CT, U.S.A.). For each lung a newly autoclaved microchamber was used, and the metal homogenizer blades were sterilized with 90% ethanol. The homogenate was serially diluted, and aliquots of the dilutions were spread on blood agar plates. The number of CFU was determined after 24 h of incubation. Because PFC-filled lungs are heavier than 809 LIQUID VENTILATION IN GBS PNEUMONIA air-filled lungs, the number of CFU was not expressed per gram of lung weight but per gram of BW at birth. Bacterial proliferation follows a logarithmic growth curve, therefore results are presented as log 10 CFU/g BW. Previous investigations revealed a close correlation between the amount of bacteria administered intratracheally and the number of CFU present in lung homogenates from animals killed 1 min after the GBS suspension was instilled in the airways (17) . Consequently, such controls were not included in the present study. However, for each animal the number of inoculated GBS per kilogram of BW was calculated from the weight, the volume of the GBS-suspension actually instilled into the airways, and the number of CFU per milliliter in the suspension determined for each experiment.
Histologic and morphometric examination of lungs. The right lung was fixed by vascular perfusion technique as previously described (21) . In brief, the lung was first inflated with a transpulmonary pressure of 30 cm H 2 O applied via the tracheal tube for 60 s. Transpulmonary pressure was then lowered to 10 cm H 2 O, which was maintained while the lungs were perfused via the pulmonary artery with 4% formaldehyde administered at a pressure of 65 cm H 2 O. The perfused lungs were stored in 4% formaldehyde and subsequently embedded in paraffin.
Transverse paraffin sections of the lungs were stained with hematoxylin and eosin. The sections were coded, preventing the investigator from knowing the experimental condition of the animals, and examined by light microscopy with special reference to alveolar expansion pattern and recruitment of inflammatory cells to the airspaces. Percent air-expanded alveoli was estimated according to a four-grade scale representing 0 -25%, 26 -50%, 51-75%, or 76-100% of the total alveolar spaces. Pulmonary inflammation was also graded semiquantitatively as absent, mild, or prominent. As bacteria were quantified by microbiologic methods, we made no efforts to quantify the presence of microorganisms in the histologic sections.
Alveolar V V in the lung sections was determined by computer-assisted interactive image analysis (22) . A camera connected to the microscope transmitted the image of the lung section to the computer screen at a magnification of ϫ284. Alveolar profiles were measured on 20 random fields using total parenchyma as reference volume. V V is a variable reflecting overall expansion of the alveolar compartment, irrespective of whether the terminal airspaces are expanded with liquid or air. The CV of V V was calculated for each animal, irregular alveolar expansion being characterized by a large value for this variable (22) .
Statistics. If not stated otherwise, data are given as mean and SD. Differences between CMV and PLV groups were analyzed using one-way ANOVA. Values at different time points within one group were compared by means of ANOVA for repeated measurements. A p Ͻ 0.05 was considered statistically significant.
RESULTS
General observations. All but two animals survived the entire experiment without complications. One animal in the PLV group with initial bleeding from the tracheotomy region later on developed bradycardia (heart rate Ͻ100 beats/min) and died 120 min after the start of the experiment. One animal in the CMV group had cardiac arrhythmia associated with bradycardia after 210 min and died at 240 min. Both these animals were excluded from the final data analysis.
There was no significant difference in BW between the groups (47 Ϯ 6 g in PLV versus 47 Ϯ 5 g in CMV). Heart rate did not change during the experiment and was unaffected by PLV. As expected, the weight of the left lung expressed per kilogram BW was significantly higher in PLV-treated animals than in the CMV group (23 Ϯ 7 versus 7 Ϯ 2 g/kg; p Ͻ 0.001).
Growth of GBS. PLV influenced the growth of GBS in the lungs. The mean number of CFU per gram BW was about one order of magnitude lower in the PLV group than in animals undergoing CMV (6.8 ϫ 10 9 versus 6.4 ϫ 10 10 CFU/g BW; p ϭ 0.06; Fig. 1) . Comparison of the number of CFU in lung homogenates after 5 h of ventilation and the number of GBS inoculated in the airways demonstrated a slight decrease in bacterial number in the PLV group (Ϫ2.2 ϫ 10 8 CFU/g BW). In contrast, significant proliferation (ϩ5.6 ϫ 10 10 CFU/g BW) was found in animals ventilated conventionally (p Ͻ 0.05 versus PLV group). All animals in both groups demonstrated GBS-positive blood cultures.
Inflammation and alveolar expansion. Results of the histologic evaluation revealed striking differences between the two groups. Influx of granulocytes to the alveolar spaces was graded as absent in 60% and mild in 40% of the PLV-treated animals. In contrast, an inflammatory reaction was present in all CMV-treated animals and graded as mild in 57% and prominent in 43% (p Ͻ 0.05 versus PLV group). Alveolar expansion was also improved in the PLV group, and was graded as Ͼ75% in 93% of the animals, whereas in the CMV-treated animals a similar high grade of alveolar expansion was seen in only 21% (p Ͻ 0.01; Figs. 2 and 3, A and B) . Two animals in the PLV group had focal interstitial emphysema (or accumulation of PFC in the interstitial compartment) as illustrated in Figure 3C .
These semiquantitative observations were supported by morphometric data. Alveolar V V determined by computerized image analysis was significantly higher in the PLV than in the CMV group (Table 1) . CV(V V ) was significantly higher in control animals undergoing CMV indicating less homogeneous alveolar expansion in comparison with the PLV group.
DISCUSSION
In the present study we investigated the effects of PLV on bacterial growth and lung histology in newborn rabbits with experimental GBS pneumonia. Contrary to our hypothesis, we found that intrapulmonary proliferation of GBS was reduced in animals undergoing PLV. Furthermore, our study demonstrated beneficial effects of PLV on alveolar V V . In addition, PLV reduced the inflammatory reaction in the lungs of GBSinfected animals in comparison with control animals ventilated with the conventional technique.
The number of CFU in the left lung determined 5 h after inoculation was about 10 times larger in animals ventilated 810 conventionally than in those subjected to PLV. Because the number of CFU was expressed per gram BW at birth, the data are not influenced by the PFC remaining in the lungs. However, final lung weight reflects the accuracy of the experimental protocol for PLV. To investigate effects of PLV, a continuous expansion of the lungs with PFC is mandatory. After the initial administration of 30 mL/kg of PFC, the evaporative losses were substituted with 20 mL/kg at hourly intervals as estimated from our previous experiments (20) . At the end of the experiment, the weight of the left lung expressed per kilogram BW was about 16 g higher in the PLV group. Knowing that the right lung is about 25% heavier than the left lung, an approximate total lung weight difference of 36 g/kg can be calculated. That equals 20 mL PFC/kg (PFC density 1.76 g/mL). As animals were killed 30 min after refilling of the lung (to achieve a filling of 30 mL/kg), there was an hourly PFC loss of 20 mL/kg or about 1 mL in an animal with 50 g BW. This indicates that the evaporation rate for PF 5080 of about 20 mL/kg per hour estimated from previous experiments on piglets is also valid in this small animal model. PLV has been used by several investigators for treatment of severe respiratory failure with promising results (10, 12, 23, 24) . However, recent trials did not show any clinical benefit for patients treated with PLV when compared with CMV. Some studies have focused on antiinflammatory effects of PLV (2, 7, 9, (25) (26) (27) . Because suppression of the inflammatory response might interfere with lung defense in case of bacterial pneumonia, possible interactions between bacteria and fluorocarbons need to be investigated systematically before recommendations can be given for clinical use of PLV.
Previous in vitro experiments indicated no direct effect of two different PFCs (PF 5080 and Rimar 101) on growth of (15) , whereas in the present in vivo study growth of GBS was decreased in the PLV group. These findings may seem contradictory. However, our in vivo observations are basically in accordance with data from the literature (16) showing reduced viability of Pasteurella multocida instilled into the airways of adult rabbits after filling of the lungs with perflubron. It has been suggested that PFC can serve as a mechanical barrier against bacterial colonization in the lungs, or at least prevent adhesion of the microorganisms to the cell surfaces of the respiratory system (16) . Our present data indicate that a similar protective effect can be obtained by administration of fluorocarbon in animals inoculated with GBS before the onset of PLV.
For the interpretation of our results, a lavage effect of PFC and subsequent reduction of bacterial invasion has to be considered. To decrease the potential influence of such an effect, initiation of PLV was delayed until 30 min after GBS inoculation. From our previous animal work with the GBS pneumonia model we know that GBS rapidly invade the lung parenchyma and the bloodstream, as also indicated by the fact that all blood cultures were GBS positive in the present study. The conventional ventilation without positive end-expiratory pressure and a relatively high tidal volume, as performed for the first 30 min in all animals, might further promote translocation of bacteria from the alveolar to the interstitial compartment.
In vitro studies have shown that incubation with perfluorooctylbromide reduces the production of reactive oxygen species by alveolar macrophages (28) and mitigates neutrophil activation and chemotaxis (1). As mentioned above, PLV with perfluorooctylbromide also reduces histologic signs of lung injury in various animal models of ARDS (8 -10) . The results of the present study are in accordance with these observations. The degree of inflammation was reduced in animals treated with PF 5080 compared with the CMV group. In spite of this finding, bacterial growth was not enhanced.
In the present study PLV had striking effects on lung expansion as reflected by higher alveolar V V in animals treated with this mode of ventilation. The CV for V V was much higher in the CMV group, indicating a more irregular pattern of alveolar expansion. This is in accordance with functional studies, showing improved lung compliance during PLV (29) . However, the presence of interstitial emphysema in two of the PLV-treated animals is somewhat alarming, suggesting that the lungs of some animals in this group were in fact overexpanded. Therefore, further studies should be undertaken to evaluate the effects of smaller PFC filling volumes on both gas exchange and inflammatory response. Measurements were obtained by computer-assisted image analysis, using the total lung as the reference volume 18, 21. Values are given as mean and SD. *** p Ͻ 0.001 and ** p Ͻ 0.01 versus CMV.
812
Recent reports have suggested that PFC vapor can disturb pneumotachographic measurements of airway flow and tidal volume (30, 31) . However, in the present study animals were kept in individual plethysmographs measuring volume displacement in the boxes, and there is no contact between the PFC-containing airways and the Fleisch pneumotachographic tube. Therefore, our tidal volume measurements were not influenced by the effects of PFC vapor.
CONCLUSIONS
The animal model investigated in the present study is similar to clinical neonatal GBS pneumonia. This disease is often associated with surfactant dysfunction and respiratory failure requiring mechanical ventilation (32, 33) . In those infants PLV could be considered an alternative to treatment with CMV, despite the less promising clinical results obtained with PLV in adult patients with ARDS. We speculate that PLV might even be useful for prevention of ventilator-induced nosocomial pneumonia. It has been shown in animal experiments that lung tissue concentration of antibiotics can be increased by intratracheal administration of PFC-gentamicin mixtures. This novel approach represents a potential therapy for patients with severe pneumonia (34) . These findings, together with data from the literature (16) , indicate that PLV might be useful for treatment of patients with severe (neonatal) pneumonia. Clinical studies, however, are needed to clarify this issue.
